Genetic factors play an important role in the etiology of late-onset Alzheimer's disease (LOAD). We tested gene-centric single nucleotide polymorphisms (SNPs) on chromosome 9 and identified two SNPs in the death-associated protein kinase, DAPK1, that show significant association with LOAD. SNP rs4878104 was significantly associated with LOAD in our discovery case -control sample set (WU) and replicated in each of two initial validation case -control sample sets (P < 0.05, UK1, SD). The risk-allele frequency of this SNP showed a similar direction in three other case -control sample sets. A meta-analysis of the six sample sets combined, totaling 2012 cases and 2336 controls, showed an allelic P-value of 0.0016 and an odds ratio (OR) of 0.87 (95%CI: 0.79 -0.95). Minor allele homozygotes had a consistently lower risk than major allele homozygotes in the discovery and initial two replication sample sets, which remained significant in the meta-analysis of all six sample sets (OR 5 0.7, 95%CI: 0.58 -0.85), whereas the risk for heterozygous subjects was not significantly different from that of major allele homozygotes. A second SNP, rs4877365, which is in high linkage disequilibrium with rs4878104 (r 2 5 0.64), was also significantly associated with LOAD (meta P 5 0.0017 in the initial three sample sets). Furthermore, DAPK1 transcripts show differential allelic gene expression, and both rs4878104 and rs4877365 were significantly associated with DAPK1 allele-specific expression (P 5 0.015 to <0.0001). These data suggest that genetic variation in DAPK1 modulates susceptibility to LOAD.
INTRODUCTION
Late-onset Alzheimer's disease (LOAD) is the most common type of dementia. The prevalence of AD is increasing because of a longer lifespan. In addition to age, genetic variation is thought to play a major role in the etiology of LOAD, and is likely to be modulated through complex gene -gene and gene -environment co-actions and interactions. Variation in the apolipoprotein E (APOE) gene contributes to both risk and age at disease onset of LOAD (1, 2) . Although whole genome linkage scans of LOAD have implicated candidate chromosomal regions (3), other susceptibility genes have not been firmly established.
Chromosome 9 is one of the several prominent chromosomes where one or more linkage peaks have been observed by multiple whole genome scans (4 -8) . A number of genes on this chromosome, including UBQLN1 and ABCA1, have been reported to be associated with LOAD (9 -11) , but these findings remain controversial (12 -16) . To identify genetic variants associated with LOAD on chromosome 9, we scanned single nucleotide polymorphisms (SNPs) across the entire chromosome using DNA samples collected from LOAD patients and similar non-demented individuals. The scan was not based on linkage disequilibrium (LD) of markers across the whole chromosome but rather a targeted, gene-centric approach; SNPs were selected from dbSNP and the Celera human genome SNP database. Putative functional SNPs [non-synonymous, UTR, predicted transcription factor binding site (TFBS) and exon splice silencer SNPs] were selected first, followed by other types of gene-centric SNPs. To reduce the likelihood of identifying spurious associations, we employed up to six independently collected LOAD case -control sample sets of Caucasian descent (Table 1) . Genotyping and analysis were performed in several phases including a hypothesis-generating discovery phase in one sample set, followed by a hypothesis-validation phase in two other independent sample sets. This led us to identify two SNPs, rs4878104 and rs4877365, in the death-associated protein kinase 1 (DAPK1) that are significantly associated with LOAD. SNP rs4878104 was then evaluated in three other independently collected LOAD case -control sample sets (UK2, UK3, Linkage). We also assessed the potential biological consequences of the LOAD-associated SNPs and found that these genetic variants may directly or indirectly modulate allele-specific expression of DAPK1.
RESULTS

DAPK1 variants are associated with LOAD
In the discovery phase, we genotyped 674 SNPs in 347 genes in one sample set ( Fig. 1A and Supplementary Material, Fig. S1 ); 642 SNPs were genotyped first in the WU sample set and 32 SNPs first in the UK1 sample set. Forty-seven of these SNPs met a nominally significant threshold (P , 0.05) for association with LOAD based upon a x 2 test for allelic association (Fig. 1A) . In the validation phase, we genotyped these 47 markers in two other sample sets. Three markers were replicated in the combined validation sample sets (allelic P , 0.05, one-sided; Table 2, Supplementary Material,  Tables S1 and S2) , including rs4878104, which was significantly associated with LOAD in each of the three sample sets ( Table 2) . A meta-analysis of all three sample sets showed an allelic P-value of 0.0006 and an odds ratio (OR) of 0.79 (95%CI: 0.69-0.90), suggesting that the minor allele is protective. However, the genotypic analysis suggests that while homozygotes for the minor allele are at reduced risk (OR ¼ 0.55, CI: 0.4-0.74), heterozygous subjects are not at significantly different risk from subjects homozygous for the major allele (Fig. 1B) . The most significant associated marker, rs4878104, is located in intron 2 of the DAPK1 gene, which maps to 9q22 and is located directly under a previously reported LOAD linkage peak (7, 10) . In addition, two other markers from the chromosome 9 scan were replicated in the combined validation sample set and remained significant in the meta-analysis of all three sample sets (Supplementary Material, Tables S1 and S2) . One marker, rs2018621, in protein-O-mannosyltransferase 1 (POMT1), was significant in one of the validation sample sets. The allele frequency of the marker is relatively low, with 3.1% in controls and 5.3% in cases. Another marker, rs2274159, in DFNB31 was not significant in either of the two validation sample sets, individually, but reached significance when the two were combined. Defects in DFNB31 cause hereditary non-syndromic recessive hearing loss. The POMT1 and DFNB31 markers are 44.2 and 27.0 Mbp distal from the DAPK1 marker, respectively, and share little LD (data not shown).
Because of the stronger association of the DAPK1 variant with LOAD, and since DAPK1 is an excellent biological candidate gene (see discussion section) within a previously identified linkage region, we focused our further study on DAPK1 by genotyping the most significant marker in other sample sets and fine-mapping the DAPK1 region. We examined rs4878104 in three other LOAD sample sets, including two case -control sample sets from the UK and one US sample set generated by selecting one case per family from our genetic linkage sample and similar controls without dementia collected in the St Louis area. In these sample sets, we did not find significant evidence for association with LOAD (Table 2) , however, the directionality of the risk allele was the same as in the initial three AAO, age at disease onset for cases in average + SD; AAE, age at exam for controls in average + SD.
sample sets. A meta-analysis of rs4878104 with all five replication sample sets remained significant (P ¼ 0.014) and the meta-analysis of all six samples showed a P-value of 0.0016. rs4878104 did not show a significant interaction with APOE e4 presence or absence in any of the six sample sets, individually or together. We examined the LD structure of the region containing rs4878104 in HapMap (HapMap public release #16c.1; http://www.hapmap.org). The marker, rs4878104, is within a 58.5 kb region of high LD from rs913778 to rs888333, which encompasses part of intron 2 of the DAPK1 gene and a recently predicted gene LOC643284, which is homologous to 40S ribosomal protein S29 (Fig. 1C) . To fine map this region, we identified 14 tagging SNPs with r 2 , 0.8. One of the tagging SNPs was rs4878104 itself and another appeared to have a SNP nearby that prevented us from developing an assay. We therefore genotyped the remaining 12 tagging SNPs in the WU sample set (Supplementary Material, Table S3 ). One tagging marker, rs4877365, showing a r 2 of 0.68 (in cases þ controls) with rs4878104, was also significantly associated with LOAD (P ¼ 0.020) in the WU sample set and replicated in the combined initial two validation sample sets. This marker was significant in the SD sample set and trended to significance in the UK1 sample set ( Table 2 ). Similar to rs4878104, it showed a stronger effect under a recessive model. The meta-analysis of all the three sample sets showed a significant association for this marker (P ¼ 0.0017, allelic). Two other SNPs in this LD block showed r 2 . 0.5 with rs4878104; one of these SNPs, rs7036598, showed significant association in the exploratory sample set, but was not replicated in either of the initial replication sample sets.
We performed a permutation-based haplotype analysis using the program PHASE. Six SNPs were identified using Tag 'n' Tell (http://snp.cgb.ki.se/tagntell/) (rs913778, rs871495, rs7036598, rs3128519, rs3128521, rs4878104), which tag the haplotypes present at a frequency .1% in our combined samples. This analysis failed to detect significant association with disease (P ¼ 0.35). Placing haplotypes into their evolutionary context may increase biological information (17) . To take advantage of this increase in information, we used tree scanning, a method, which incorporates the evolutionary history of the haplotypes, to analyze our data. Tree scanning in this region failed to detect significant association with LOAD. Inspection of the network suggests that at least 13 of the 16 SNPs used in this analysis (including two SNPs which were significant in the single SNP analyses, rs4878104 and rs4877365) are subject to homoplasy (mutations at the same site are observed in independent parts of the network i.e. the mutation has occurred multiple times in evolutionary history).
A causal SNP that has experienced homoplasy should be significant when tested alone (all haplotypes grouped by state of the SNP). It should also show evidence for effects at each individual branch marked by the SNP if the comparison is made in the immediate area around the branch, provided the sample size is sufficient. In contrast, if the SNP is in LD with a second causal SNP, then the individual branches will only exhibit association if the second causal allele is also present on the haplotype branch. This hypothesis was tested with an alternative approach described in the methods. Markers rs4877365 and rs4878104 were significant in the single SNP analyses; both are inferred to have experienced homoplasy and occur at the same three regions of the tree (Fig. 1D ). Using these regions, the tree can be collapsed into five haplotype groups. Each of the three groups with the GC haplotype (groups 2, 3, 5) were individually tested against group 1, which has the AT haplotype and is internal to the others. Two of the three comparisons to group 1 were nominally significant (group 2 and group 5 or groups 4 and 5; Fig. 1D ) with a highly significant Fisher's combined probabilities test (P ¼ 0.0054 for groups 2, 3 and 5; P ¼ 0.0058 for groups 2, 3 and 4 þ 5). The non-significant P-value of group 3 compared with group 1 is probably because of the small sample size (N ¼ 17). Group 4 only has a change at rs4877365, and was not significantly different from group 5 or group 1, but exhibited an intermediate ratio of cases to controls.
SNPs associated with LOAD are also associated with DAPK1 allele-specific expression Because of the intronic nature of the significant SNPs, we sought to determine whether the disease-associated variants have a direct effect (cis) on DAPK1 transcript levels. This information can be obtained directly by measuring the relative expression level of the allele 1 specific transcript and the allele 2 specific transcript. Because this method measures both allele-specific transcripts in the same sample, the measurement is much less impacted by biological variation that occurs when comparing expression levels between different samples. In addition, this method does not require normalization to a house-keeping gene because the transcript level in each sample should be identical for allele 1 and allele 2, unless there is a cis-controlling factor that is present on only one allele/haplotype and changes its relative expression level (e.g. a mutation in a repressor element on allele 1/haplotype 1 leads to an expression ratio that is higher for allele 1 than allele 2). Therefore, allele-specific expression analysis is much more sensitive to small relative changes in expression levels, whereas across sample comparisons include much more noise (biological variation between samples and technical noise from normalizing to a house-keeping gene) and can only detect larger expression differences. We thus tested DAPK1 for allelic expression differences and evaluated whether rs4878104 or rs4877365 is associated with the allelic expression differences. The disease-associated markers could not be used directly for this analysis because they are located within a DAPK1 intron; therefore, we used a two-step approach. First, we genotyped two high-frequency SNPs that map to the DAPK1 transcript and identified 69 Caucasians, who were heterozygous for at least one of these expression markers (46 for rs3118863 and 48 for rs3818584; minor allele frequency: 0.44 for rs3118863 and 0.47 for rs3818584). The differences in the two allele-specific transcripts were as large as 2-fold.
To determine whether the two disease-associated SNPs, rs4878104 and rs4877365, are associated with the observed DAPK1 allele-specific expression, we next genotyped these two SNPs in all 69 heterozygous carriers of rs3118863 and/or rs3818584. The two expression SNPs are 72 and 129 kb away from rs4878104, the closer of the two disease-associated markers, and do not reside in the high LD region shared by the two disease-associated markers (Fig. 1C and Supplementary Material, Table S4 ). If either rs4878104 or rs4877365 is the sole causative element, it would be expected that only heterozygous carriers of the disease-associated variant show an allele-specific expression difference, whereas homozygous carriers would not ( Fig. 2A) . As shown in Figure 2B , both homozygous and heterozygous carriers of rs4878104 and rs4877365 showed allele-specific differences in expression. However, the allelespecific expression ratio was significantly higher in heterozygous carriers of either rs4878104 or rs4877365 when compared with homozygous carriers (P , 0.05, Fig. 2B ), whereas the genomic DNA control showed no such genotypedependent difference (data not shown). These results indicate that the genotype status of both LOAD-associated SNPs is significantly associated with DAPK1 allele-specific expression. 
DISCUSSION
Our chromosome 9 scan resulted in the identification of two SNPs, rs4878104 and rs4877365, in DAPK1 that show significant association with LOAD. Unlike APOE that shows very strong association with LOAD even in small studies, rs4878104 was only marginally associated with LOAD (allelic P meta ¼ 0.0016). However, allele frequencies in cases and controls were consistent in five out of six sample sets, with all six showing the same directionality of the risk allele. Besides allele frequency, homozygosity was more consistently and strongly associated with LOAD than heterozygosity in the initial three sample sets and the meta-analysis of all six sample sets. Several factors may have contributed to the non-significant result in three of the six sample sets. First, the original finding is likely to be an overestimate of the actual risk and thus our calculated power to replicate the initial result may be inflated. Based on the effect size of the five replication sample meta-analysis, we estimate that 1950 cases and 1950 controls are required to achieve 80% power and a one-sided significance of P ¼ 0.05. Second, the tested marker may not reflect the causal variant thereby reducing the power of the study. Third, genetic heterogeneity in LOAD may contribute to the non-significant association in some samples. Fourth, family-based association analyses have little power when the effect size of the tested locus is much smaller than at least one other untested locus (18) . Fifth, our haplotype analyses suggest that these SNPs are subject to homoplasy, which can reduce the power for tests of single SNP association. Overall, the disease association for a complex disease is generally evaluated through a meta-analysis of all tested sample sets, which also provides greater power than the analysis of multiple smaller sample sets (19, 20) . In this regard our result derived from six independent sample sets, totaling over 4000 samples, suggests that rs4878104 may be a genuine but weak risk factor for LOAD. Another SNP, rs4877365, was significantly associated with LOAD in two of the initial three sample sets and trended towards significance in the third sample set. Similar to rs4878104, this marker also showed a stronger effect under a recessive model (data not shown). The results of our haplotype analyses suggest that one or both of these polymorphisms may be causal variants given that they are independently significant on multiple haplotype backgrounds and are more significant when these historically unrelated haplotypes are grouped together in the individual SNP tests. However, because of the lack of power for the contrasts between groups 3 and 1, we cannot rule out the possibility that these variants are in strong LD with unknown causal variants. Such causal variants may affect the transcription of DAPK1 and/or the expression/ function of LOC643284, a recently predicted gene similar to 40S ribosomal protein S29 within this region of high LD. The ratio of allele-specific gene expression is shown for cDNA. Two markers, rs3818584 and rs3118863, were analyzed to measure allelic gene expression (Hom: homozygotes; Het, heterozygotes). A Mann-Whitney test was performed to assess the association. The relative expression was calculated as 2 DCt (DC t was determined by subtracting the smaller C t value of one allele PCR reaction from the larger C t value of the other allele PCR reaction).
DAPK1 is a Ca
2þ /calmodulin-dependent serine/threonine kinase that plays a pro-apoptotic role in the programmed cell death cascade, including neuronal apoptosis. DAPK1 is predominantly expressed in the brain and lung: in embryonic rat brain DAPK1 mRNA is present at high levels in the cerebral cortex, cerebellar Purkinje cells and hippocampus, but is largely restricted to the hippocampus in adult rat brain (21) . Western blot analysis detected DAPK1 protein in rat cortex, hippocampus and olfactory bulb, but not in cerebellum, hindbrain or mesencephalon (22) . This expression pattern is particularly relevant to AD, because the hippocampus and cortex are the most severely affected brain regions, whereas regions of low expression, such as cerebellum and basal ganglia are less affected in AD (23) . Increased DAPK1 kinase activity or expression has been observed in neuronal cell death (24) , and neurons lacking DAPK1 are less susceptible to apoptotic insults in cell culture and knockout animal models (25, 26) . DAPK1 is a transcriptional target of p53 (27) , and is expected to play an important role in p53-mediated apoptosis; p53 expression is increased in the brains of AD patients (28) and the intracellular domain of amyloid precursor protein directly regulates p53 expression (29) . In addition, a recent study has reported that DAPK1 kinase activity-deficient mice are more efficient learners and have better spatial memory than wild-type mice (30) . DAPK1 is therefore an excellent positional and biological candidate gene for AD.
Our functional study revealed that DAPK1 expression shows allelic imbalance, a phenomenon (31) that is seen for genetic risk factors in other complex diseases such as calpain 10 and type 2 diabetes (32), and may explain the genetic association of DAPK1 with LOAD. In addition, our study shows that the genotypes of the two intronic LOAD-associated SNPs are significantly associated with DAPK1 allele-specific expression, although they are unlikely to be the sole cis-acting variants. Because of the intronic nature of the disease-associated SNPs, we cannot determine which allele is associated with increased expression. Nevertheless, this association suggests that these SNPs may interact with other unidentified polymorphic cis-acting regulatory factors to influence the level of DAPK1 transcripts. We cannot exclude the possibility that they are in high LD with other polymorphic cis-acting elements governing DAPK1 transcription. Regardless of the molecular mechanism of this regulation, considering that DAPK1 allele-specific expression predicts variation in DAPK1 protein/activity and thus neuronal apoptotic potential, allele-specific expression of DAPK1 variants provide a plausible explanation linking the genetic association with LOAD to a disease-relevant functional outcome. This hypothesis needs to be tested by correlating DAPK1 brain expression with genotype. However, expression of DAPK1 can be induced during neuronal apoptosis (21) , which could potentially mask the effect of allele-specific expression of DAPK1 when samples from patients with different degrees of apoptosis are assayed. Therefore, such an experiment should be ideally performed with tissues from normal brains.
An increasing body of evidence suggests that apoptosis may play a role in AD etiology. For example, changes in presenilin expression or activity have been associated with apoptotic phenotypes in cell-based models (33) and animal knock-down experiments (33, 34) . Genetic evidence for sporadic AD, such as the disease associations with DAPK1, GAPD (35) and LOC439999 (36) variants, also point to apoptosis as a disease-relevant process.
In summary, these results, together with the existing data on the biological functions of DAPK1 (21,22,24,30,37,38) , strongly implicate DAPK1 as one of the genetic factors affecting susceptibility to LOAD. The evidence includes (i) common SNPs in DAPK1 are significantly associated with LOAD, (ii) DAPK1 is in a previously reported linkage peak, (iii) DAPK1 is a pro-apoptotic mediator in the programmed cell death pathway, (iv) DAPK1 is highly expressed in brain, particularly adult hippocampus and cortex, and abolition of DAPK1 kinase activity enhances learning and memory, and (v) DAPK1 transcripts show allelic expression differences and the SNPs associated with LOAD risk may directly or indirectly modulate this allele-specific gene expression. DAPK1 genotype/activity may influence risk for AD by influencing the cell number in the hippocampus and/ or by influencing the response to environmental stimuli such as amyloid beta. As a small molecule inhibitor of DAPK1 has been described for potential use in the treatment of ischemia-induced acute brain injury (37) and for attenuating neuronal damage in a chronic infusion model of amyloid beta toxicity (38) , this compound or other classes of DAPK1 inhibitors may be candidates for clinical development and testing in AD.
MATERIALS AND METHODS
Study samples
Six LOAD case -control sample sets of Caucasian descent, collected with informed consent/assent from the participating individuals and approvals from the participating institutions, were used in this collaborative study ( Table 1 ). The three sample sets that were used for discovery and initial replication are the WU sample set, obtained through the Washington University Alzheimer's Disease Research Center (ADRC) patient registry, the SD sample set obtained from the ADRC of the University of California, San Diego and the UK1 sample set obtained from the Medical Research Council Late Onset AD Genetic Resource that included samples from Cardiff University, Wales School of Medicine, King's College London and Cambridge University. These samples have been used in our recent studies (12,16,35,36,39 -41) . Further validation samples, the UK2 and UK3 samples, have not been previously described. The same ascertainment and diagnostic instruments and criteria were used in the collection of all UK samples.
An additional LOAD sample set ('linkage sample set') was generated by selecting one case per family from our genetic linkage sample of affected sib pairs and matching them to a corresponding number of Caucasian, non-demented controls collected in St Louis (these controls are independent of the controls used in the exploratory sample above) ( Table 1) .
SNP genotyping
Genotyping of SNPs was performed by allele-specific realtime PCR for individual samples using primers designed and validated in-house (42) . Previous analyses showed that the accuracy of our genotyping is better than 99%, as determined by internal comparisons of differentially designed assays for the same marker and comparisons for the same marker across different groups (35) . Linkage cases and controls were genotyped using Sequenom TM technology by Washington University.
Statistical analysis
Genotyping: Hardy-Weinberg equilibrium was evaluated using an exact test as described by Weir ('Genetic Data Analysis II', Sinauer Associates, Sunderland MA, 1996, 2nd edition). Tests for allelic association of SNPs with disease status were carried out using the x 2 test or a Fisher's exact test where cell sizes were ,5. Markers with minor allele frequency of !2% in either cases or controls were analyzed.
Meta analyses: When combining data from different sample sets, association was assessed using the method of Cochran Mantel and Haenzsel using sample set as the stratifying variable (43) .
Haplotype analyses: We estimated haplotypes of the high LD region containing rs4878104 and rs4877365 using 16 SNPs (four exploratory and 12 fine mapping markers). For the haplotype analyses, all SNPs were genotyped in each of the three sample sets. Haplotypes were estimated for each population separately. Our previous analyses of these populations provided no evidence of stratification within or between these samples (35) . To maximize our power to estimate the haplotype network and detect association, we combined the samples for subsequent analyses. Haplotypes were estimated using the software PHASE (44, 45) . A set of 95% plausible haplotype trees was estimated using statistical parsimony in the program TCS (46, 47) . A permutation-based haplotype analysis using PHASE was performed. Because of computational constraints, we used Tag 'n' Tell (http://snp. cgb.ki.se/tagntell/) to identify a subset of SNPs, which tag the haplotypes present at a frequency .1% in our combined samples. Association with LOAD was tested by tree scanning using unique haplotypes observed at least five times in the dataset (17) . Tree scanning uses the phylogenetic network to define tests based on each branch of the tree. Each branch represents a pooling of haplotypes: haplotypes on one side of the branch are pooled together and define one allele, whereas the haplotypes on the other side are pooled to define a separate allele. This results in a biallelic locus that can be tested for association with the phenotype. Tree scanning incorporates a permutation-based multiple test correction and was modified to deal with case -control data (48) .
In cases where a SNP is causal and subject to homoplasy, tree scanning may fail to detect association. A causal SNP that is subject to homoplasy should be significant when tested alone (all haplotypes grouped by state of the SNP). It should also show evidence for effects at each individual branch marked by the SNP if the comparison is conditioned upon other mutations at that SNP, provided the sample size is sufficient. These tests are performed by comparing the number of cases and controls in each haplotype group (defined by mutations at the SNP of interest) using Fisher's exact test on a 2Â2 contingency table.
DAPK1 allele-specific expression study DNA and total RNA were extracted from peripheral blood mononuclear cells of normal blood donors. A cDNA library was prepared from total RNA using the High Capacity cDNA Archive Kit (ABI). For DAPK1, two high-frequency exonic SNPs, rs3118863 or rs3818584, were used to measure allele-specific gene expression. High-frequency markers were selected to increase the number of heterozygotes. Allele-specific expression assays were carried out on cDNA samples with the same real-time PCR procedure as described for genotyping. The same primers were used for genotyping and allele-specific expression assays.
For the examination of allele-specific expression, 92 individual samples of genomic DNA were first genotyped for two expression markers, rs3118863 or rs3818584. Sixty-nine donors of Caucasian descent, heterozygous for rs3118863 or rs3818584, were then examined for allele-specific gene expression. cDNA was arrayed in quadruplicates or duplicates onto 384-well plates, together with appropriate PCR controls, and were run on an ABI-7900 real-time PCR system under standard conditions. Genomic DNA was also arrayed onto the same plate as a control. The relative expression of both alleles for each expression marker was determined by subtracting the smaller C t value of one allele PCR reaction from the larger C t value of another allele PCR reaction (dC t ). The ratio of two allele-specific transcripts was calculated as 2 dC t (i.e. a one-cycle difference in our real-time PCR-based assay results in a 2-fold relative difference). For the statistical analysis, dC t values were obtained as an average of two to four reactions for each sample and data point (SE ¼ 0.11 for each assay, averaged across all samples). As a control, the dC t values were also obtained with heterozygous genomic DNA, which theoretically should equal zero [actual: 20.05 (+0.13) for rs3118863 and 20.02 (+0.13) for rs3818584; average dC t (+SD)].
For testing the relationship between disease-associated variants and allele-specific expression, the individuals who are heterozygous of the expression markers were then genotyped for the two DAPK1 disease-associated markers. The allelespecific expression level measured by the expression marker was then stratified by the genotype status of the disease-associated markers (homozygote or heterozygote). The Mann -Whitney test was used to assess whether heterozygosity and homozygosity of the LOAD-associated SNPs are significantly associated with the allele-specific expression ratio. As a control, the same test was performed for the experimentally determined genotype ratio in heterozygous genomic DNA (P ¼ 0.45-0.95, data not shown). Statistical significance was calculated separately for each combination of expression marker versus disease-associated marker.
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